Abstract An improved surface wave plasma source equipped with a cylindrical quartz rod has been developed, which has great potential in processing inner wall of cylindrical workpieces. A cylindrical quartz rod not only excites the plasma around the rod, but also guides surface wave plasma along the rod. The distributions of plasma density and plasma temperature under different incident microwave powers and pressures are diagnosed by a Langmuir probe. The electron density near the rod is around the order of 10 11 cm −3 . When the incident power is 450 W, the length of surface wave plasma column can reach up to 420 mm at 20 Pa.
Introduction
As one basic phase of existent materials, plasma can be classified into low-temperature plasma and hightemperature plasma according to electron temperature. Low-temperature plasma technology has been broadly applied in various fields [1−4] , especially in processing of ultrafine, large area displays, manufacture of solar panels, preparation of nanomaterial, and surface modification of materials. A surface wave plasma (SWP) source with large area and good uniformity is well known for flexible and reliable modern-industry applications [3, 4] . Surface wave is an electromagnetic wave generated on the interface between dielectric and plasma [5] , which can excite strong electric field from several to tens of Pa to generate plasma with high density and low temperature in a slender quartz tube [6] . In 1990s, a plasma source excited by a large area dielectric plate was developed to process silicon wafer, which shows great significance in the manufacture of large-scale integrated circuits. At the same time, a further study was made on the theory and experiment of surface wave propagating along the plane [7, 8] . Metal antenna surface wave-excited plasma (MASWP) was developed to guide 2.45 GHz microwave along a metal tube and excite plasma with the field of surface wave [9] .
In this paper, a cylindrical quartz rod was chosen as dielectric waveguide to guide electromagnetic wave into vacuum chamber so that electromagnetic power excited a bulk of plasma around the rod. The plasma density and temperature under different incident powers were acquired and analyzed, which could provide experimental data and images for the development and improvement of new plasma source.
Experiment
The experimental setup is shown in Fig. 1 , including a microwave source, metal waveguides, a cylindrical quartz rod, microwave tuners, a Langmuir probe, a vacuum chamber and a vacuum pump. The microwave frequency is 2. probe tip; thus r = 0 mm means the rod surface. The z represents the axial direction and z = 0 cm means the top of vacuum chamber. A camera is used to capture the plasma discharge through a quartz window. The plasma can be excited between 5 Pa and 110 Pa. The microwave power transmits in the metal waveguide, and is modulated by three stub tuners and then maximally coupled into the vacuum chamber by the quartz rod without any auxiliary electrodes.
Fig.1 Schematic diagram of the experimental apparatus
The probe is discharge-cleaned before used. The probe voltage is swept from −30 V to +30 V at 0.2 V increment. The current is digitized 16 times per scan and the average is recorded in order to reduce the noise. The detail of measurements and data processing of the Langmuir probe has been presented in previous reports [10, 11] .
Results and discussion
When microwave power is coupled into the cylindrical quartz rod, the electric field of surface wave would generate plasma [12, 13] . The surface wave transmits along the interface between plasma column and dielectric without extra waveguide [7, 14] . Based on cylindrical coordinate system in Fig. 2 , the components of electromagnetic field along a cylindrical rod can be written in the form: Here a is the radius of dielectric rod, m is the number of standing wave of field in the circumferential direction, k z is the wave number in the axial direction of dielectric rod, k d and k p are the wave number along the radial direction in rod and in plasma, respectively. According to boundary conditions, the dispersion relations of cylindrical surface wave are shown as follows:
Here ε d is the relative permittivity of rod, and ε p is the relative permittivity of plasma neglecting collisions at low pressure:
where ω is microwave angular frequency and ω p is plasma angular frequency expressed as:
When there is low density plasma or no plasma, k p will be an imaginary number from Eqs. (5) and (6) . It means that the electromagnetic wave can propagate in both the axial and the radial directions. The electromagnetic energy of such leaking mode can excite plasma. When plasma density keeps increasingly, k p becomes a real number. This state is called propagating mode [15] , indicating that the electromagnetic wave will evanesce in the radial direction and propagate only in the axial direction. The strong electromagnetic field excites and then maintains high density plasma along the rod. Fig. 3 shows the evolutions of surface wave plasma along the quartz rod. At low microwave power, the plasma is initially excited around the top of the quartz rod, as shown in Fig. 3(a) . With increasing microwave power, the plasma transmits down along the quartz rod, as shown in Fig. 3(b) and (c). When the incident power is 450 W, the whole quartz rod in vacuum chamber is covered by surface wave plasma with length of 420 mm at 20 Pa. For a cylindrical waveguide, only the HE 11 mode wave which has the zero cutoff frequency can propagate along the rod in this experiment [16−18] . It can be seen that the center part of quartz rod looks dark and the plasma at both sides is almost equally bright in the axial direction in Fig. 3 . The distribution of plasma on the rod is affected by the HE 11 mode. If the plasma source is supplied with higher microwave power in a longer vacuum chamber, the plasma column will sustain longer because of the field of surface wave. The Langmuir probe was placed at z = 6 cm. When the gas pressure was 20 Pa and the incident microwave powers were 340 W and 450 W, respectively, the radial distributions of electron density and electron temperature are shown in Fig. 4 . In order to diminish the interactions between the strong electric field near the quartz rod and the Langmuir probe, the measurement started from r = 1 mm.
From Fig. 4 , it can be concluded that as the electron density decreases linearly, the electron temperature decreases nearly exponentially. When the input microwave power goes up, the electron density and electron temperature increase in the radial direction. In Fig. 4(b) , the electron temperature at 450 W is 2 eV higher than that at 340 W near the rod surface, similar to the results obtained at z = 8 cm. Compared with Fig. 4 , the electron density and temperature in Fig. 5 decrease in the axial direction when the Langmuir probe is located at z = 8 cm under the same experimental conditions. The electron density still keeps at 10 11 cm −3 at z = 8 cm; high density plasma with low electron temperature can be excited around the dielectric waveguide. For all the reasons above, the electron temperature will decrease in the axial direction from the top of the rod, which means that the microwave power decays in the axial radiation due to the absorption of plasma.
When the microwave incident power was 450 W, a plasma with larger visible volume was obtained as compared with the incident power of 340 W under the pressure of 20 Pa. The electron temperature and electron density were also investigated for different pressures. The Langmuir probe was set at z = 8 cm. Parameters were measured under the gas pressures of 20 Pa and 40 Pa with the microwave power of 450 W, as shown in Fig. 6 . Fig. 6(a) shows that the electron density at 20 Pa is higher than that at 40 Pa in the range of r < 25 mm. When the pressure goes up, the particle number increases so that the mean free path of electron decreases and the particle collision frequency increases. The energy gained by electrons from the electromagnetic field may decrease, and thus the electron density drops with increasing pressure. However, dense plasma can be excited under both conditions near the rod. Fig. 6(b) shows a higher electron temperature at 40 Pa than that at 20 Pa when r is between 10 mm and 35 mm, and the biggest gap is 0.5 eV, testifying that higher pressure results in higher electron temperature under these conditions, which is consistent with the other reports [19] . Electron temperature near the rod surface is about 3 eV higher than that at r = 5 mm, probably because the higher pressure (40 Pa instead of 20 Pa) reduces the electron diffusion more drastically [19] .
Conclusions
Surface wave plasma was generated with a cylindrical quartz rod in a vacuum chamber. The quartz rod is not only exciting a plasma around the rod, but also guiding the surface wave plasma along the rod. Electron density near the rod can reach 10 11 cm −3 . The experimental results indicate that electron density decreases nearly linearly as temperature decrease exponentially in the radial direction, which means that the electromagnetic field close to the surface is strong enough to sustain dense plasma. The gradient of electron density is related to the gradient of electron temperature [19] . The distribution of plasma is affected by the electromagnetic field in the rod. The length of surface wave plasma column can reach up to 420 mm at incident power of 450 W and pressure of 20 Pa.
The plasma excited with the quartz rod is cleaner than that excited with the Teflon rod because the quartz is of higher heat stability, and the dielectric rod can be placed inside cylindrical workpieces. In conclusion, this novel plasma source has great potential for processing the inner wall of cylindrical workpieces.
